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Materials characterization and measurements

The specific surface area, pore volume, and average pore diameter were determined by N2 physisorption using a Micromeritics ASAP 2020 automated system and the Brunauer–Emmet–Teller (BET) [1]. Each photocatalyst was degassed under vacuum at <1 × 10−5 bar in the Micromeritics system at 110 ◦C for 4 h prior to N2 physisorption.
	Powder XRD measurements were performed using standard Bragg–Brentano configuration. This type of arrangement was provided using Siemens D5000 diffractometer (equipped with a horizontal goniometer) with θ –2θ geometry and Ni filtered Cu Kα radiation, powered at 40 kV and 40 mA. Data were collected in the range of 2 θ = 10–90◦ (some data up to 120◦) with step interval of 0.02◦ and counting time up to 5 s per step. 

The average crystallite size (D in nm) was determined according to the Scherrer equation [2]:


where D is the average crystallite size of the catalyst (nm), λ is the wavelength of the Cu kλ  X-ray radiation (λ = 0.154056 nm), k is a coefficient usually taken as 0.94, β  is the full width at half maximum (FWHM) intensity of the peak observed at 2θ (radian), and θ is the diffraction angle. The phase contents of the samples can be estimated from the respective XRD peak intensities using the following equation [3]:

K = 0.79 fA > 0.2
K = 0.68 fA ≤ 0.2
where:
           fA is the fraction of anatase phase in the powder, and IA and IR are the X-ray intensities
               of the anatase (101) and rutile (110) diffraction peaks, respectively.

The measurements were performed using a VG Scientiﬁc photoelectron spectrometer ESCALAB-210 employing Al Kα (1486.6 eV) X-ray source operated at 400W. During measurements, the pressure was approximately 5*10-9 mbar.
Survey spectra were recorded for all the samples in the energy range from 0 to 1350 eV with 0.4 eV step and 75 eV analyzer pass energy. High resolution spectra were recorded with 0.1 eV step, 100 ms dwell time and 25 eV pass energy. Ninety degrees take-off angle was used in all measurements. 
The curve ﬁtting was performed using the AVANTAGE (ver. 4.75) software provided by Thermo Electron, which describes each component of the complex envelope as a Gaussian–Lorentzian sum function; a constant 0.3(±0.05) G/L ratio was used The background was ﬁtted using nonlinear Shirley model. Scoﬁeld sensivity factors and measured transmission function were used for quantiﬁcation.
Energy dispersive X-ray fluorescence analysis (EDXRF) was carried out using MiniPal 4 equipment from PANalytical Co, with a Rh-tube and silicon drift detector (resolution 145 eV). EDXRF method was used to gain information on the elemental composition of samples under investigation. The spectra were collected in air atmosphere, without using of a filter, at a tube voltage of 30 kV. The time of acquisition was set up to 60 s and the tube current up to 100 μA.
	The chemical oxygen demand (COD) in the phenol effluents was determined by AQUALYTIC AL250COD with a measuring range from 0 to 150 mg L-1 O2.
	The scanning electron microscopy SEM imaging was performed on a FEI Nova NanoSEM 450 with electron energy 5 eV.
	UV–vis Diffuse Reflectance spectroscopy was performed using a UV/VIS/NIR spectrophotometer Jasco V-570 equipped with an integrating sphere. The baseline was recorded using SpectralonTM (poly(tetrafluoroethylene)) as a reference material. Band-gaps values were calculated based on the Kubelka–Munk functions [4] f(R), which are proportional to the absorption of radiation, by plotting [f(R)hv)]1/2 against hv. The function f(R) was calculated using Eq. (3):
        (3)

Band gap values were obtained from the plot of the Kubelka–Munk function [F(R∞)E]1/2 versus the energy of the absorbed light E. Extrapolation to y = 0 of the linear regression in the 3.4–3.7 eV range afforded the band gap energy Egap (eV). Regarding absorption threshold, it was determined according to the formula (4) [5]:

     (4)
Photocatalytic Activity in Aqueous Phase
All photocatalytic reactions were carried out in a Pyrex cylindrical double-walled immersion well photoreactor. The bath photoreactor was stirred magnetically to obtain a homogeneous suspension of the catalyst. A medium-pressure 125 W mercury lamp (λmax = 365 nm), supplied by Photochemical Reactors Ltd. UK (Model RQ 3010), was placed inside the glass immersion well as the light irradiation source. The reaction temperature was set at 30 oC. Phenol solution (99%, CAS: 108-95-2) of 50 mg L-1 was prepared in Milli-Q water. Before the photocatalytic reaction, the prepared suspension was stirred in the dark for 120 min. to reach the adsorption/desorption equilibrium. After dark adsorption procedure the suspension was irradiated. Samples were taken out at regular time intervals, and they were immediately stored in a 2.0 mL screw cap glass. The average luminous intensity for UV light (220−400 nm, 265 ± 1.6 W m−2) was examined by a radiometer HD2302.0 (Delta Ohm, Italy). At each sampling point, approx. 1 mL sample was periodically taken from the photoreactor and filtered through 0.2 µm, 25 mm nylon filters in order to remove photocatalyst.
Phenol degradation was measured, after external standard calibration, by a high performance liquid chromatography HPLC (2998 Photodiode Array (PDA) Detector, Sample Manager FTN-R and Quaternary Solvent Manager supplied by Waters). Separation was performed on an XBridgeTM C18, 5 µm, 4.6 mm x 150 mm column provided by Waters. The mobile phase consisted of Milli-Q water – methanol (Super Gradient, CAS: 67-56-1) (65:35 v/v) mixture with 0.1% of CF3COOH (Trifluoroacetic acid, 99.9 %, ROTH, CAS: 76-05-1) at a flow rate of 1 mL min-1. The injection volume was 10 µL. Blank experiments were performed in the dark as well as with illumination and no catalyst, without observable change in the initial concentration of phenol in both cases.
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Fig. S1. TGA Proximate analysis of lignin (alkali) at different temperatures (moisture free) and Yield of Biochar (inset) with error bars showing mean deviation (3 experimental results).

Fig. S2. TGA Proximate analysis of lignin (alkali - low sulphonate) at different temperatures (moisture free) and Yield of Biochar (inset) with error bars showing mean deviation (3 experimental results).


Fig. S3. TGA Proximate analysis of Pine Tar 773 at different temperatures (moisture free) and Yield of secondary char (inset) with error bars showing mean deviation (3 experimental results).

Fig. S4. TGA Proximate analysis of Pine tar EU-832 at different temperatures (moisture free) and Yield of secondary char (inset) with error bars showing mean deviation (3 experimental results). 

Fig. S5. XRD patterns of different hybrid photocatalysts prepared by laboratory batch pyrolysis system.

Fig. S6. DR UV/Vis spectra of all tested hybrid photocatalysts prepared by laboratory batch pyrolysis system.



Table S1 XPS results for materials containing Lignin (alkali - low sulphonate) prepared by laboratory batch pyrolysis system.
	Materials
	Lignin	Lignin_400 oC	Secondary char	Secondary char+Lignin	TiO2/secondary char +Lignin	TiO2/secondary char +Lignin_20h(photocatalysis)
C 1s BE eV (at %)	C-C sp3	285.1(13.63)	285.2(44.67)	284.6(80.58)	285.0(51.39)	284.6(36.07)	284.8(54.37)
	C-O-C	286.2(36.8)	286.6(14.25)	286.2(5.92)	286.3(8.60)	285.8(26.65)	286.0(14.91)
	COOH	287.6(18.84)	287.5(11.92)	287.7(1.05)	287.6(4.54)	287.8(5.49)	287.7(4.13)
	O=C-O, C=C-OH	289.2(3.20)	289.3 (1.32)	289.3(0.96)	288.8(2.24)	289.3(1.63)	288.5(1.88)
	Carbonates	-	291.2 (0.95)	-	290.9(3.81)	-	-
Ti 2p BEeV (at %)	TiO2	-	-	-	-	458.8(0.88)	459.0(3.75)
O 1s BE eV (at %)	Ti-O, Ca-OSi-O, Na2O	531.7(1.95)	530.2(1.12)	529.6(1.0)	530.1(0.78)	529.3(2.77)	529.8(5.15)
	C=O	-	531.8(3.14)	532.0(5.55)	531.7(2.98)	531.0(4.53)	531.6(5.52)
	C-O,C-OH(C-O-C)	532.9(7.57)	532.8(3.74)	532.9(1.53)	532.9(8.22)	532.2(9.98)	532.2(5.10)
	O=C-O	534.2(10.18)	534.0(16.42)	533.9(0.65)	534.1(6.91)	533.7(4.93)	533.5(1.63)



Table S2 XPS results for materials containing SWP700 prepared by laboratory batch pyrolysis system.
	Materials
	SWP700	Secondary char	Secondary char +SWP700	TiO2/secondary char +SWP700	TiO2/secondary char +SWP700_20h(photocatalysis)
C 1s BE eV (at %)	C-C sp2	283.8(84.3)	-	283.7 (50.28)	283.7(64.43)	284.2(59.27)
	C-C sp3	284.8(6.05)	284.6(80.58)	284.7(30.32)	284.7(17.26)	285.2(12.31)
	C-O-C	285.9(1.97)	286.2(5.92)	286.3(3.89)	286.2(4.28)	286.4(6.93)
	COOH	-	287.7(1.05)	288.2(2.14)	288.2(1.96)	287.8(2.32)
	O=C-O, C=C-OH	-	289.3(0.96)	-	-	289.3(2.19)
Ti 2p BEeV (at %)	TiO2	-	-	-	458.4(2.10)	459.1(2.27)
O 1s BE eV (at %)	Ti-O, Ca-OSi-O, Na2O	-	529.6(1.0)	529.6(1.95)	529.7(5.18)	530.2(6.54)
	C=O	-	532.0(5.55)	531.7(4.80)	531.5(3.22)	531.5(2.84)
	C-O,C-OH(C-O-C)	532.6(2.37)	532.9(1.53)	532.4(3.78)	533.0(1.23)	532.8(3.57)
	O=C-O	-	533.9(0.65)	534.1(0.57)	-	534.2(0.82)



Table S3 Amount of “carbon species” dissolved in Millipore water after 240 min. of UV illumination detected by COD.
Material	Amount of carbon species (%)
25 wt. %TiO2/secondary char+LIGNIN	9.7
25 wt. %TiO2/secondary char+SWP700	7.0
25 wt. %TiO2	-
Secondary char+LIGNIN	8.1
Secondary char+SWP700	6.4
LIGNIN	-
SWP700	-
Secondary char	71.3

Table S4 XRF analysis of solid materials prepared by laboratory batch pyrolysis at 400 oC and pure lignin alkali low sulphonate.
Material	Compound (%)
Secondary char	Fe (66.9)	Ni(11.9)	S(7.9)	Cr (6.7)	Cu(2.2)	Ca (1.5)	Mn (1.1)	Mo(1.1)	P(0.6)
Lignin_400 oC	S(81.6)	K(14.0)	Ca(1.8)	V, Mn, Fe, Ni, Cu(< 1)
Lignin_ alkali - low sulphonate	S(92.2)	K(5.7)	V, Mn, Fe, Ni, Cu, Ca(< 1)
SWP700	Ca(68.9)	K(20.3)	Mn(6.87)	Fe(2.6)	Cu(1.3)
Secondary char+LIGNIN	S(66.2)	K(14.0)	Fe(12.0)	Cr(2.2)	Ca(2.0)	V, Mn, Ni, Cu(< 1)
Secondary char+SWP700	Ca(48.7)	K(13.0)	Cu(12.2)	Fe(11.7)	Mn5.1	S(3.5)	P, Cr, Ni, Zn, Sr(< 1)
TiO2/secondary char+LIGNIN	Ti(88.4)	S(9.25)	Cr, Mn, Fe, Ni, Cu, Ca, K(< 1)
TiO2/secondary char+SWP700	Ti(92.5)	Ca(3.49)	Cr, Mn, Fe, Ni, Cu, Zn, K, S(< 1)
TiO2/secondary char+LIGNIN _20h(photocatalysis)	Ti(87.6)	S(6.09)	V, Mn, Fe, Ni, Cu, Zn, K(< 1)
TiO2/secondary char+SWP700_20h(photocatalysis)	Ti(91.0)	Ca(2.59)	Si, P, Cr, Mn, Fe, Ni, Cu, Zn, K, S(< 1)
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